Introduction
Breathing in mammals is the primal homeostatic process regulating levels of oxygen and carbon dioxide in the body that is critical for life. Respiratory movements occur automatically and continuously throughout life and are driven by the rhythmic motor activity generated within neural circuits in the brainstem and spinal cord. The underlying neural machinery is robust yet exquisitely flexible for physiological and behavioral integration. The respiratory neural control system not only performs a vital physiological function but is also engaged in volitional (e.g., speech and singing) and emotional (e.g., laughing and crying) motor behaviors. Understanding this neural circuitry may have far-reaching implications for other rhythmic motor behaviors and oscillatory circuits [1] [2] [3] .
Respiratory movements, like other innate rhythmic motor behaviors such as locomotion, are produced by semi-autonomous neural networks referred to as central pattern generators (CPGs). These networks are the basic neural substrates for rhythmic motor pattern generation and sensorimotor integration [4] . They consist of core circuits of excitatory and inhibitory interneurons that interact to generate rhythmic patterns of activity for coordinated motor output [5] . A major goal in the motor systems field is to unravel the architecture of these circuits and decipher how cellular-, circuit-, and systems-level properties are integrated functionally [1] . This is critical for revealing mechanisms of operation in both normal and disease states.
New insights into the architecture of respiratory CPG circuits have recently been obtained from the rapid convergence of electrophysiological, imaging, anatomical, genetic, developmental, and computational modeling approaches. Here, we review key developments, with a major focus on advances in understanding, including current hypotheses of circuit organization and operation. The important advantage of this system is that it can be studied not only in conscious and anesthetized animals in vivo but also in various reduced experimental preparations retaining circuit interactions in situ and in vitro. This has allowed high-fidelity measurements at cellular, synaptic, and circuit levels in the context of behaviorally meaningful network activity, which are essential for dissecting the logic of CPG circuits [1] and ultimately for designing novel therapeutic interventions.
The brainstem respiratory network is arrayed within structural-functional compartments The brainstem circuits generating and controlling respiratory motor activity during normal eupneic breathing in vivo are distributed bilaterally in the pons and medulla oblongata. The current view is that each side of the medulla has a ventral respiratory column (VRC) of respiratory neurons, interacting within the VRC and interconnected with several pontine nuclei [6] [7] [8] [9] . The VRC contains key interacting excitatory and inhibitory interneuron populations (Figure 1) representing the respiratory CPG. Numerous afferent systems, some of which funnel through the caudal nuclei of the solitary tract (NTS) [10] , control these microcircuits including via interconnections with pontine circuits. They are also subject to behavioral control from suprabrainstem structures [11, 12] , including motor and sensory cortices, basal ganglion, cerebellum, and hypothalamus. The output of VRC circuits is transmitted through premotor networks to cranial and spinal motoneurons. The former control muscles of the upper airways, whereas the latter include phrenic, intercostal, and lumbar motoneurons,
